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Summary
The Rabor Agriculture Research Station (RARS), located in the Kerman province 
of southeastern Iran, contains one of the largest in situ germplasm collections of Persian 
walnut (Juglans regia L.) in the country. In this study, the phenotypic diversity of 10 wild 
walnut genotypes originating in Iran and 6 foreign cultivars was examined. In 2018-2019, 
13 quantitative and 18 qualitative variables were recorded for each individual, including 
traits related to nut and kernel morphology, kernel phytochemical composition, and tree 
architecture and phenology. In general, results showed that walnuts from RARS were 
phenotypically diverse with significant variation found across most traits examined. Results 
showed that the highest and lowest coefficient of variation (CV) was found for nut shape 
in perpendicular to suture (CV = 80.46%), and kernel height (CV = 2.73%), respectively. 
Results also showed a strong positive correlation between nut weight and width (r = 0.794), 
kernel weight and nut height (r = 0.776), nut weight and height (r = 0.770) kernel size and 
nut shape in longitudinal to suture (r = 0.701), date of leaf opening and color of annual 
shoot (r = 0.692), and prominence of pad on suture and shape of apex perpendicular to 
suture (r = 0.682). Principal component analysis of quantitative variables revealed that the 
first five principal components (PCs) accounted for 83.61% of the total variation. Regarding 
qualitative variables, the first seven PCs accounted for 85.95% of the total variation. Cluster 
analysis based on quantitative and qualitative variables produced a dendrogram with five 
and eight main clusters, respectively. Grouping of genotypes was not in accordance with 
their geographical location. Classification of genotypes was different based on qualitative 
and quantitative traits. This study revealed the presence of high phenotypic diversity in the 
walnut genotypes from RARS supporting their value for conserving genetic resources and 
possible use in breeding improved cultivars.
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Introduction
The Persian walnut (Juglans regia L.) is one of the world’s major 
nut crops. Besides providing desirable flavor and texture to various 
foods, walnuts play an important role in human nutrition and 
health due to its high oil, protein, vitamin, and mineral contents 
(Mir et al., 2016). Its native range extends from the Carpathian 
Mountains of eastern Europe to the southern Caucasus, northern 
Turkey, Iran, to the Tien Shan province of western China to 
the Himalayan states of India, Sikkim, and Bhutan (Aradhya 
et al., 2010). In the sixteenth century, the conquest of the New 
World enabled the spread of Persian walnut into South America, 
particularly Chile, before its introduction to California in the 
nineteenth century (Bernard et al., 2018). Walnut production 
in the world is 3.8 million tonnes, with China contributing 51% 
of the total production. Other major producers were the United 
States and Iran with a production of 0.57 and 0.35 million tonnes, 
respectively (FAOSTAT, 2017). Based on the obtained maps, the 
suitable areas for walnut cultivation in Iran are northern strip and 
northwestern and western provinces of Iran. Also, parts of Fars, 
Isfahan, Yazd and Kerman provinces are considered suitable to 
walnut cultivation in Iran (Vahdati et al., 2018). Additionally, a 
number of walnut collections have been established to study traits 
and assess morphological and pomological diversity in recent 
years. The walnut collection at Rabor agriculture research station 
(RARS) is one of the collections established in 1997. The RARS 
with 70000 m2 area is located in Kerman province of southeastern 
Iran. It is located at 57° 04' to 57° 16' E and 29° 27' to 33° 39' 
N and its elevation is 2330 m above the sea. Walnut genotypes 
cultivated in RARS express significant diversity in plant size, 
growth habit, nut size, nut shape, and many other morphological 
traits. For germplasm management and better utilization of 
its genetic potential for breeding programs, it is important to 
identify, describe, and classify the existing genetic resources in 
the region. Morphological evaluation is a useful first step to help 
achieve the goals of characterizing genetic resources (Thompson 
et al., 1996). Estimating diversity and determining relationships 
among variables in walnut germplasm can enhance efficiency of 
its management and support effective genetic improvement efforts 
(Noor shah et al., 2018). Multivariate analysis, such as cluster 
analysis (CA) and principal component analysis (PCA) is a useful 
approach within this context (Mohammadi and Prasanna, 2003) 
and has been used frequently for genetic diversity analysis in many 
horticultural crops such as apricot, Prunus armeniaca L., (Gurrieri 
et al., 2001); vineyard peach, Prunus persica (L.) Batsch, (Nikolic 
et al., 2010); apple, Malus sp. (Farrokhi et al., 2013); and walnut, 
Juglans regia L. (Alinia-Ahandani et al; 2014; Mahmoodi et al., 
2019). The aim of our study was to investigate and document the 
phenotypic diversity of 9 native genotypes and 7 foreign cultivars 
in the RARS, using quantitative and qualitative morphological, 
phonological and pomological traits.
Materials and methods
Plant material
Forty-four coeval genotypes and cultivars were planted in a 
completely randomized block design in RARS. Among them, 9 
promising native genotypes from north: Z series (Z12, Z30) from 
Qazvin, and Z63 (Jamal) from Karaj, southeast: (Zia8, Kr77, Kr72, 
Krr111, Kr1-25) from Kerman, and northwest of Iran: (Or-64) 
from Urmia were evaluated for quantitative and qualitative traits 
between 2018 and 2019 years, along with 7 commercial cultivars 
('Vina', 'Serr', 'Chandler', 'Pedro', 'Franquette', 'Hartly', 'R.D.M'). 
The basis of selection of native genotypes was random, and 
attempts were made to select samples from different walnut areas 
of the country. Although, Kr77 and Kr1-25 were introduced as 
promising genomes of Kerman in previous studies.
Variable measurement
Based on standard phenotypic characteristics described 
for walnut in IPGRI (2008), 13 quantitative and 18 qualitative 
variables were measured for all individuals (Tables 1, 2). The scales 
of measurement for each qualitative variable are listed in Table 
3. Ten fruits (including nut and involucre) per tree were hand 
harvested randomly across the canopy of the plant at maturity, 
from mid-September through mid-October, and were transferred 
to the lab for further analysis. Nut and kernel traits were measured 
per genotype. The amount of kernel oil and protein was measured 
by the method A.O.A.C. (1990). 
Statistical analysis
Descriptive statistics including mean, minimum, maximum, 
standard deviation, and coefficient of variation (CV) were 
calculated for each variable per individual. To avoid effects due 
to scaling differences, the mean of each variable was normalized 
prior to cluster analysis using Z-scores. Correlations between 
quantitative and qualitative variables were determined separately 
using Pearson and Spearman correlation coefficients, respectively. 
In order to identify patterns of morphological variations, principal 
component analysis (PCA) was conducted through a correlation 
matrix of both quantitative and qualitative variables, separately. 
The proportion of variance that each eigenvector represents was 
calculated by dividing the eigenvalue corresponding to each 
eigenvector by the sum of all eigenvalues. The clustering of 
genotypes into similar groups was performed using the Ward 
method based on squared Euclidean distances for quantitative 
and qualitative variables, separately. All of the calculations were 




Results showed that the coefficient of variation (CV) of 
examined variables was the highest for nut shape in perpendicular 
to suture (80.46%), followed by nut shape in longitudinal to 
suture (60.78%), shape of apex perpendicular to suture (59.55%), 
kernel color (47.76%), thickness of shell (44.01%), tree growth 
vigor (38.85%), shell color (38.60%), prominence of pad on 
suture (37.98%), while the lowest CV was found for kernel height 
(2.73%), kernel width (3.37%), tree height (3.62%), and kernel 
protein (3.73%) (Table 4). The mean of kernel oil and protein, 
kernel height, kernel width, nut height, nut width, and TCSA 
were 27.87%, 16.34%, 2.56 cm, 2.37 cm, 3.91 cm, 3.41 cm, 6.94 
cm, respectively (Table 4). For instance, kernel oil content ranged 
from 16% in 'Vina' to 43% in Kr77. TCSA varied from 5 cm in Z30 
to 8.70 cm in Kr72 (Table 1).
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TS TH TCSA KPr KO KM KP KWE KH KWI NWE NH NWI
Zia 8 0.60 200 7.12 14.31 32.00 2.00 42.00 8.41 3.21 2.70 20.00 5.00 5.40
Kr111 0.20 240 5.31 16.19 27.00 0.51 55.75 6.32 2.62 2.53 11.30 3.66 3.74
Z30 0.90 221 5.00 15.25 40.00 0.50 39.65 4.61 2.32 2.10 11.61 3.62 3.10
Vina 0.40 237 7.00 15.94 16.00 1.99 36.60 4.12 2.45 2.13 11.25 3.90 3.22
Serr 0.20 234 7.32 16.00 21.00 0.51 50.66 3.83 2.23 2.42 7.51 3.30 2.90
Chandler 0.40 202 6.50 15.31 17.00 1.48 41.83 4.12 2.82 2.23 9.82 3.80 2.80
Kr1-25 0.40 261 7.00 19.87 39.00 1.00 67.74 4.21 2.84 2.51 6.24 3.74 3.25
Kr77 1.10 203 5.65 16.94 43.00 0.52 44.20 6.12 2.32 1. 72 13.81 5.45 3.51
Or-64 0.20 208 5.64 13.37 23.00 1.00 39.09 4.31 2.71 2.50 11.00 3.54 3.40
Z63 (Jamal) 0.30 285 7.60 17.37 28.00 1.00 44.79 4.34 2.72 2.11 9.63 4.10 3.20
Pedro 0.40 252 8.00 20.25 18.00 1.00 39.94 2.81 2.13 2.81 8.51 3.51 3.12
Z12 0.20 278 8.50 12.75 33.00 1.99 52.27 6.92 2.81 3.00 13.21 4.53 3.20
R.D.M 0.30 287 6.40 12.69 32.00 0.49 52.17 4.80 2.32 2.12 9.21 3.62 3.90
Kr72 0.20 295 8.70 16.75 28.00 2.00 50.57 4.42 2.64 2. 72 8.71 3.65 3.10
Franquette 0.90 311 7.10 20.19 25.00 2.00 30.55 2.23 2.33 2.10 7.25 3.12 2.90
Hartly 0.50 241 8.20 18.31 24.00 0.99 45.25 6.21 2.52 2.31 13.72 4.12 3.90
TS: Thickness of shell (mm); TH: Tree height (cm); TCSA: Trunk cross sectional area; KPr: Kernel protein (%); KO: Kernel Oil (%); KM: Kernel moisture (%); KP: 
Kernel Percentage (%); KWE: Kernel weight (g); KH: Kernel height (cm); KWI: Kernel width (cm); NWE: Nut weight (g); NH: Nut height (cm); NWI: Nut width (cm)
The lowest tree height was found in 'Chandler' and Kr77, 
with 292 and 203 cm, respectively. 'Pedro' and R.D.M showed the 
highest tree growth vigor among the studied individuals. In the 
present study, both kernel size and kernel ease of removal was 
high in Z63, and Z30 genotypes, but kernel ease of removal was 
low in Z12. Date of nut maturity were reported as moderately late 
in all cultivars and genotypes. The start of male flower shedding 
was late in R.D.M, Kr77, and 'Franquette', while the start of 
female flower reception was early in Kr111, Kr1-25, Kr77, Z12, 
Z30 genotypes. In the present study, date of leaf bud break ranged 
from 19th March to 28th April across the studied genotypes and 
cultivars. It was medium for 'Vina', 'Chandler', and 'Pedro', but 
late for 'Franquette' and early for the rest of individuals (Table 2). 
Further, in our study kernel percent (ratio) ranged from 39.65% in 
Z30 to 67.74% in Kr1-25, with a mean of 45.81%.
Relationships between the variables
Simple correlations among 13 quantitative and 18 qualitative 
variables were calculated and presented in Tables 5-6. Significant 
correlations were found between some of the quantitative variables. 
Nut weight had positive a correlation with nut width (r = 0.794, 
P < 0.01) and nut height (r = 0.770, P < 0.01). Kernel weight was 
positively correlated with nut height (r = 0.776, P<0.01) and kernel 
oil (r = 0.544, P < 0.01). Kernel moisture was correlated with TCSA 
(r = 0.564, P < 0.05) (Table 5). Kernel size was positively correlated 
with nut shape in longitudinal to suture (r = 0.701, P < 0.01). Date 
of leaf opening showed positive correlation with color of annual 
shoot (r = 0.692, P < 0.01) and prominence of pad on suture was 
correlated with shape of apex perpendicular to suture (r = 0.682, 
P < 0.01). Dichogamy was negatively correlated with shell color (r 
= - 0.772, P < 0.01) and tree growth habit (r = - 0.707, P < 0.01) 
(Table 6).
Principal Component Analysis (PCA)
The PCA showed that the first five components among 
quantitative variables (λ1 = 3.82, λ2 = 2.70, λ3 = 1.65, λ4 = 1.46, λ5 = 
1.21) and the first seven components of qualitative variables (λ1= 
4.11, λ2 = 2.92, λ3 = 2.67, λ4 = 2.13, λ5 = 1.36, λ6 = 1.19, λ7 = 1.06) 
explained 83.61% and 85.95% of the total variation, respectively 
(Tables 7-8). In quantitative traits, the first component (PC1) 
explained 29.39% of the total variation. Variables that positively 
loaded on PC2 explained 20.83% of the total variation (Table 7). 
With respect to qualitative characters, PC1 explained 22.87% of 
the total variation, and variables that positively loaded on PC2 
explained 16.23% of the total variation (Table 8). 
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Table 4. The descriptive analysis of 31 variable
Quantitative variable Minimum Maximum Mean Std. Deviation C.V %
TS 0.20 40.00 9.11 4.01 44.01
TH 200.00 311.00 247.18 8.97 3.62
TCSA 5.00 8.70 6.94 0.28 4.03
KPr 12.69 20.25 16.34 0.61 3.73
KO 16.00 43.00 27.87 2.05 7.35
KM 0.49 2.00 1.18 0.15 12.71
KP 30.55 67.74 45.81 2.21 4.82
KWE 2.23 6.12 6.73 1.99 29.56
KH 2.13 3.21 2.56 0.07 2.73
KWI 1. 72 3.00 2.37 0.08 3.37
NWE 6.24 20.00 10.79 0.83 7.69
NH 3.12 5.45 3.91 0.15 3.83
NWI 2.80 5.40 3.41 0.156 4.58
Quantitative variable Minimum Maximum Mean Std. Deviation C.V %
KER 1.00 7.00 5.00 1.63 32.60
KS 3.00 7.00 5.62 1.41 25.08
KC 1.00 4.00 2.18 1.04 47.70
SC 1.00 7.00 5.00 1.93 38.60
PPS 3.00 7.00 4.87 1.85 37.98
SAP 1.00 7.00 4.50 2.68 59.55
NSP 1.00 7.00 2.56 2.06 80.46
NSL 1.00 8.00 4.31 2.62 60.78
DNM 3.00 5.00 4.43 0.629 14.19
DLS 3.00 5.00 3.56 0.73 20.50
DI 1.00 2.00 1.25 0.44 35.20
SMS 2.00 5.00 3.56 1.15 32.30
SFR 2.00 4.00 2.75 0.57 20.Kr72
DLO 3.00 5.00 3.31 0.60 18.12
CAS 5.00 7.00 5.75 1.00 17.39
DB 3.00 7.00 4.62 1.31 28.35
TGH 1.00 3.00 2.50 0.63 25.20
TGV 3.00 7.00 3.50 1.36 38.85
TS: Thickness of shell (mm); TH: Tree height (cm); TCSA: Trunk cross sectional area; KPr: Kernel protein (%); KO: Kernel oil (%); KM: Kernel moisture (%); KP: 
Kernel percentage (%); KWE: Kernel weight (g); KH: Kernel height (cm); KWI: Kernel width (cm); NWE: Nut weight (g); NH: Nut height (cm); NWI: Nut width (cm), 
KER: Kernel ease of removal; KS: Kernel size; KC: Kernel color; SC: Shell color; PPS: Prominence of pad on suture; SAP: Shape of apex perpendicular to suture; NSP: 
Nut shape in perpendicular to suture; NSL: Nut shape in longitudinal to suture; DNM: Date of nut maturity; DLS: Date of leaf shedding; DI: Dichogamy; SMS: Start 
of male flower shedding; SFR: Start of female flower reception; DLO: Date of leaf opening; CAS: Color of annual shoot; DB: Density of branch; TGH: Tree growth 
habit; TGV: Tree growth vigor.
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Cluster analysis (CA)
According to a dendrogram generated by Ward methods 
based on squared Euclidean distance, 16 walnut individuals 
were classified into five and eight separate groups on the basis of 
quantitative and qualitative variables, respectively. The cluster cut-
off point was √(n/2) where n equals to the number of genotypes 
(Manning et al., 2009). None of the observed clusters showed any 
clear separation between internal genotypes and foreign cultivars. 
Discussion
The data showed significant variations across multiple 
traits, indicating a high level of phenotypic diversity present in 
the walnut germplasm of RARS. Based on walnut descriptor 
IPGRI (2008), the quantitative and qualitative traits were 
measured among 16 individuals via nominal and ordinal scales, 
respectively (Tables 1-3). Therefore, determining the coefficients 
of correlation, PCA, and clustering of both trait sets were carried 
out in a way different from each other. In this study, Pearson's and 
Spearman's coefficient were used for quantitative and qualitative 
traits, respectively. Pearson’s correlation coefficient is a measure of 
the strength of the linear relationship between two such variables. 
In 1904 Spearman adopted Pearson’s correlation coefficient as a 
measure of the strength of the relationship between two variables 
that cannot be measured quantitatively (Hauke and Kossowski, 
2011). Generally, the genotypes and cultivars located in RARS had 
short shrubs with lower kernel traits compared to the ones located 
in other places. In this study, nut weight ranged from 6.24 to 20 
g, kernel weight from 2.23 to 6.12 g, and kernel percentage from 
30.55 to 67.74%). Among the analyzed characters, nut shape in 
perpendicular to suture showed the highest coefficient of variation 
(80.46%), and the lowest CV was found in kernel height (2.73%). 
In our study, CV of shell thickness was reported 44.01%. In a study 
of 18 important traits of Persian walnut from walnut collection of 
Karaj, Iran, during 2014 and 2015, a wide variation was observed 
for nut weight (6.60 – 15.33 g), kernel weight (2.67 – 8.21 g), and 
kernel percentage (35.39 – 71.09%). The thickness of membrane 
showed the highest coefficient of variation (134.03%), while the 
lowest CV was found in nut width (8.09%) and the nut roundness 
index (8.15%) (Mahmoodi et al., 2019). In a study on native 
Persian walnut of Ardabil province of northwest of Iran, the results 
showed wide variation for kernel weight (3.63 - 7.03 g), nut weight 
(7.05 - 12.65 g), and kernel percentage (42.7 - 63.73%) (Ghanbari 
et al., 2018). Arzani et al. (2008) and Khadivi-Khub et al. (2015) 
reported the highest CV for shell thickness (29% and 31%) and 
the lowest CV for the nut width (10% and 8%), respectively. 
Obviously, diversity in average nut weight was described in other 
reports too. The highest nut weight obtained in this study (20 g) 
was quite similar to 20.28 g that was reported by Khadivi-Khub 
et al. (2015), while the lowest (15.02 g) was similar to Arzani et 
al. (2008). In another study, Ebrahimi et al. (2017) reported an 
average nut weight of 14.42 g for walnuts from Qazvin, Iran, 
while Akca and Ozongun (2004) reported 15.20 g from Anatolia, 
Turkey. Pop et al. (2013) reported 14.60 g from Romania and 
Hassani et al. (2014) reported 13.62 g from Karaj, Iran. In this 
study, the highest value for kernel weight among the studied 
accessions (6.12 g) was lower than the kernel weight reported by 
Hassani et al. (2014) for walnuts in Karaj (7.55 g) and Zeneli et al. 
(2005) for walnuts in Albania (7.20 g). The percentage of kernel 
is another prominent character which is of great importance to 
walnut breeders. The kernel percentage is influenced by the weight 
of nut and kernel, and there are significant correlations between 
these traits (Cosmulescu and Botu, 2012). Genotypes with a kernel 
ratio above 50% are preferred (Germain, 1997; Korac et al., 1997). 
Data obtained in this study revealed that kernel percentage varied 
from 30.55 to 67.74% (Table 2). The mean of kernel percentage 
observed (45.81%) was lower than the data reported by Zeneli et al. 
(2005) (63.80%) for walnuts in Albania, Aslantas (2006) (67.14%) 
for walnuts in Turkey, Pop et al. (2013) (51.60%) for Romanian 
National Collection of Walnut, Ebrahimi et al. (2015) (62.18%) for 
walnuts genotypes in Neiriz region of Iran and Rezaei et al. (2018) 
(66.29) in Malayer County of Iran. In this study, kernel percentage 
(ratio) was reported 45.25, 36.6, 50.66, and 41.83% in 'Hartley', 
'Vina', 'Serr', and 'Chandler', respectively. These values were lower 
than the kernel percentages reported for these cultivars (Serr and 
Ford, 1994). One of the reasons is the incompatibility of foreign 
cultivars with cold mountainous conditions of Iran. On the other 
hand, native genotypes in the soil and climatic conditions of RARS 
performed better than foreign cultivars.
 Generally, the most desirable range of shell thickness in 
walnut was reported 0.70 – 1.50 mm (Zhadan and Strukov, 1977). 
The shell thickness range in our genotypes varied from 0.20 to 
1.10 mm. The Kr111, 'Serr', Or-64, Z12, Kr72 had the lowest (0.20 
mm) and the Kr77 had the highest shell thickness (1.10 mm). 
Rezaei et al. (2018) have reported a range of 0.72 – 2.46 mm for 
shell thickness. In another study, the shell thickness was reported 
from 1.00 to 2.70 mm (Ebrahimi et al., 2015). Mahmoodi et al. 
(2019) reported the shell thickness ranging from 0.64 to 2.02 mm. 
In the present study, nut width ranged from 2.8 cm in 'Chandler' 
to 5.4 cm in Zia8. This is higher than the values observed by 
Mahmoodi et al. (2019) and Cosmulescu et al. (2017), (2.79 – 
3.97cm and 2.48 – 3.74 cm respectively). In our study, the nut 
height varied between 3.12 cm in 'Franquette' and 5.00 in Kr77. A 
previous research by (Cosmulescu and Botu, 2012) from Romania 
showed a nut height variation ranging from 2.82 cm to 4.97 cm. 
Furthermore, Ebrahimi et al. (2015) reported a range of 3.61 – 
4.37 cm for nut height in walnuts from Iran. Our research showed 
that kernel protein ranged from 12.69 to 20.25%, and oil from 16 
to 43%. The highest and lowest kernel oil was found in Kr77 and 
'Vina', respectively. Kernel protein content was high among all 
genotypes and cultivars, but kernel oil was lower than in previous 
studies. The mean of kernel and oil protein was reported 9.62 
and 58.04, respectively, by Ghanbari et al., 2017. Another study 
found walnut kernels containing 52 to 72% oil (Martinez et al., 
2006). A study conducted in Turkey, Caglarirmak (2003) reported 
63% as the average oil value of the studied genotypes. However, 
because of the economic value of the oil, these kernels could 
be used as potential sources of oils. The mean value for protein 
percentage among our evaluated nuts (16.34%) was higher than 
the corresponding data reported by Golzari et al. (2013). In our 
study, the majority of studied individuals broke their leaves early in 
the season, but leafing time was reported late for 'Franquette' and 
medium for 'Vina', 'Chandler' and 'Pedro'. None of the examined 
accessions were homogamous, but Kr1-25, Kr77, Z30, and R.D.M 
were protogenious. Kernel ease of removal was assessed as difficult 
in Z30, Or-64, Z63, Kr1-25, while it was very easy in Z12. 'Pedro' 
and R.D.M showed higher vigor compared to the rest of cultivars 
(Table 2).
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Ghanbari et al. (2018) reported 68% and 32% of genotypes 
as synchronous and asynchronous, respectively. There was 94% 
protandrous and 6% protogynous. The removal of the kernel 
from its shell in the most genotypes was moderately difficult. 
Significant correlations were found among nut weight, nut width, 
and nut height. Kernel weight was positively correlated with 
nut weight and kernel oil, while kernel moisture was correlated 
with TCSA (Table 5). Kernel size was positively correlated with 
nut shape in longitudinal to suture. Date of leaf opening showed 
positive correlation with color of annual shoot (Table 6). Less 
correlations were found with qualitative traits compared to 
quantitative ones. Positive correlations were observed among nut 
and kernel dimensions in previous studies of walnut genotypes. A 
highly significant correlation was obtained between nut weight, 
nut length, nut width, nut thickness and kernel weight in the 
study of Mahmoodi et al., 2019. Similar correlations between 
these traits have been previously reported by other authors 
(Amiri et al., 2010; Mosivand et al., 2012; Poggetti et al., 2017). 
Ghanbari et al. (2018) reported significant correlations among 
the different traits such as kernel weight and nut diameter, kernel 
weight and leaf length, dry weight and nut diameter, and dry 
weight, nut length, kernel weight and nut length and dry weight 
and kernel weight. Analyzing the coefficients of correlation 
between different traits involved in walnut production provides 
informative data about the relative effect of every character on 
yield. Correlation coefficients between the phenological traits 
could determine whether selection for one trait may affect the 
other traits. Response to direct selection for these variables may 
be unpredictable, unless there is a good control of environmental 
variables. These complex relationships between traits certainly 
lead to difficulties in performing studies and analyses, however 
this issue should be overcome by utilizing multivariate statistical 
methods. This method is often described as a flexible approach 
by which numerous correlated variables are reduced to few main 
factors. Therefore, this analytic procedure could be successfully 
utilized to comprehend the patterned variation in a set of variables, 
based on structural relationships among variables (Tadesse 
and Bekele, 2001). In view of the diversity of walnut accessions 
under study, the analysis into main components was carried out 
to determine the contribution and effect rate of each trait under 
study on the present diversity. As a criterion to extract the main 
principal components, eigenvalues greater than one were taken 
into account. Low variance in eigenvectors among qualitative 
variables may be due to existing low correlation among studied 
characters (Abdi and Williams, 2010). To determine which PC 
scores accounted for the greatest variation, the eigenvalues of these 
components were compared for each character. The PCA showed 
that the first five components among quantitative variables and 
first seven components of qualitative variables explained 83.61% 
and 85.95% of the total variation, respectively (Tables 7 and 8). 
With respect to quantitative variables, kernel oil, kernel weight, 
kernel height, nut weight, nut height, and nut width were found 
influential in the first component (PC1), explaining 29.39% of 
the total variation, and this component was involved in nut and 
kernel traits. Variables that positively loaded on PC2, explaining 
20.83% of the total variation, were kernel width, kernel moisture 
and TSCA (Table 7). With respect to qualitative characters, PC1 
explaining 22.87% of the total variation, was positively associated 
with kernel size, shell color, prominence of pad on suture, nut 
shape in perpendicular to suture, nut shape in longitudinal to 
suture, date of leaf shedding, start of female flower reception, 
date of leaf opening, color of annual shoot, and tree growth habit. 
Variables that positively loaded on PC2, explaining 16.23% of 
the total variation, were date of nut maturity, start of male flower 
shedding, and tree growth vigor (Table 8). Mahmoodi et al., (2019) 
divided eighteen traits into six groups by using factor analysis. 
Their result indicated that six factors accounted for 79.95% of the 
total variance. The first and second PCs accounted for 19.99% 
and 13.93% of the variation. PC1 was strongly associated with 
nut weight, kernel weight, nut thickness and nut width. In an 
evaluation of morphological diversity among some Persian walnut 
accessions in Guilan, northern Iran, PC1 and PC2 explained 
49.9%, and 20.5%, respectively, overall 84.4% of the total variance. 
The coefficient of eigenvectors in the first component indicated 
that nut yield, nut weight, kernel weight, and nut length had the 
greatest contribution to this component development (Alinia-
Ahandani et al., 2014), and these results were in agreement with 
ours. Morphological characteristics are able to appropriately 
differentiate walnut species and genotypes into separate groups 
using multivariate statistical methods. Hierarchical cluster analysis 
was used to investigate the similarities and dissimilarities among 
the genotypes with respect to seed and nut variables. The high 
number of generated clusters for both sets of variables showed that 
there is high in-population diversity of walnuts in RARS, which is 
desirable potential for using in the next breeding programs. The 
clustering pattern of individuals was different due to differences 
in scoring and measurement between quantitative and qualitative 
traits. Regarding the dendrogram generated based on quantitative 
variables, cluster I was the largest, including 5 genotypes, followed 
by cluster II with 4 genotypes while each of the clusters III and IV 
included 3 genotypes. 'Vina', 'Serr', and 'Chandler' were grouped 
in cluster IV, while only one genotype was in cluster V (Figure 
1). According to qualitative traits, cluster I was the largest with 3 
genotypes, followed by clusters II, III, IV, V, VI, and VII, each with 
2 genotypes and. cluster VIII with 1 genotype (Figure 2). None 
of the observed clusters showed any clear separation between 
internal genotypes and foreign cultivars. Selection of parents from 
clusters showing the highest inter-cluster distance may be used for 
hybridization program. In contrast, lower inter-cluster distance 
indicates close relationship and similarity among genotypes and 
selecting parents from these clusters should be avoided (Sirvastava 
et al., 2010). The results of a research on several Persian walnut 
species and inter-specific hybrids showed that Z63, 'Hartley', 
'Serr', Z30, K72, 'Ronde', 'Pedro', 'Chandler', and B21 were located 
in a separate group (Mosivand et al., 2012).
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Figure 2. Dendrogram for the 16 walnut collected from RARS produced by Ward’s cluster analysis; based on 18 qualitative characters (scale. 
Squared Euclidean distance)
Figure 1. Dendrogram for the 16 walnuts collected from RARS produced by Ward’s cluster analysis; based on 13 quantitative characters (scale: 
Squared Euclidean distance)
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Conclusion
Our study, as a part of an ongoing project for breeding of the 
Persian walnut in Iran, was carried out to characterize the 16 walnut 
genotypes and cultivars in RARS collection. The comparison of 
phenotypic diversity of 31 traits was analyzed using the SPSS 
software. The results revealed a high diversity in morphological 
and phenological characteristics in studied individuals, supporting 
the presence of a high level of genetic diversity. According to the 
PCA, the first component in quantitative traits was associated with 
nut and kernel traits, whereas for qualitative variables, it included 
kernel size, shell color, prominence of pad on suture, nut shape in 
perpendicular to suture, nut shape in longitudinal to suture, date of 
leaf shedding, start of female flower reception, date of leaf opening, 
color of annual shoot, and tree growth habit. Interestingly, while 
on average they had a smaller nut and kernel size and weight, a 
lower kernel oil content was also found when compared to some 
walnut germplasm pools previously studied around the world. 
These native genotypes may be useful in the breeding of improved 
plants exhibiting enhanced adaptation to harsh (cold/semi-dry) 
environments. Additionally, the genotype clustering pattern was 
independent of geographical distances among them. In summary, 
the analysis of multiple phenological and pomological traits of the 
walnut genotypes documents the significant variation present in 
situ found in the region, supporting the needs to conserve this 
valuable resource. The results may also help breeders choose the 
appropriate individual genotypes and utilize them as parents in a 
breeding program for improving future generations of commercial 
cultivars with improved adaptation to harsh climatic conditions. 
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